Background: The unfolded protein response (UPR) is a highly conserved process in eukaryotic 11 organisms that plays a crucial role in adaptation and development. While the most ubiquitous 12 components of this pathway have been characterized, current efforts are focused on identifying 13 and characterizing other UPR factors that play a role in specific conditions, such as 14 developmental changes, abiotic cues, and biotic interactions. Considering the central role of 15 protein secretion in plant pathogen interactions, there has also been a recent focus on 16 understanding how pathogens manipulate their host's UPR to facilitate infection. 17 Results: We developed a high-throughput screening assay to identify proteins that interfere with 18 UPR signaling in planta. A set of 35 genes from a library of secreted proteins from the maize 19 pathogen Ustilago maydis were transiently co-expressed with a reporter construct that 20 upregulates enhanced yellow fluorescent protein (eYFP) expression upon UPR stress in 21 Nicotiana benthamiana plants. After UPR stress induction, leaf discs were placed in 96 well 22 plates and eYFP expression was measured. This allowed us to identify a previously undescribed 23 fungal protein that inhibits plant UPR signaling, which was then confirmed using the classical but 24 more laborious qRT-PCR method. 25 Conclusions: We have established a rapid and reliable fluorescence-based method to identify 26 heterologously expressed proteins involved in UPR stress in plants. This system can be used for 27 initial screens with libraries of proteins and potentially other molecules to identify candidates for 28 further validation and characterization. 29 30 31
Reporter optimization 139
To establish the assay presented in Fig. 1 , several conditions were tested and optimized to 140 guarantee the reliability of the assay. First, a suitable UPR responsive promoter had to be 141 identified which shows sufficient strength and high reproducibility in its response to UPR stress. 142 We cloned the promoter regions from four genes that had been reported to be upregulated in ER days later, we infiltrated the same leaves with 5 μg/mL Tm to induce UPR and measured eYFP 148 levels approximately 24 hours after the second infiltration ( Fig. 2A) . The regulatory region of 149 SKP1 was the only one that did not lead to a significant increase in eYFP fluorescence after UPR 150 induction. From the remaining promoters, bZIP60 showed the highest fold change of eYFP 151 expression under ER stress conditions (6.03 ± 2.41), followed by BIP1 (5.57 ± 2.19), and BIP3 152 (4.27 ± 3.51). Considering the high variability observed for pBIP3 and the low fluorescence 153 levels in samples with the bZIP60 promoter, we concluded that pBIP1::eYFP was the most 154 suitable construct for this method. Therefore, all remaining optimization steps were performed 155 using pBIP1::eYFP as the reporter construct. 156 The second factor we optimized was the measurement time after UPR induction. We tested 157 samples at 6, 12, 24, and 48 hours after 5 μg/mL Tm infiltration and compared them to the mock 158 treated samples (Fig. 2B) . The timeseries shows a gradual increase in eYFP fluorescence after 159 UPR induction, with the 48 hour timepoint showing overwhelming eYFP levels. In fact, the gain 160 of the detector had to be reduced from 100 to 90 in order to avoid overflow of the signal in these 161 samples, making the arbitrary fluorescence units not directly comparable to the earlier timepoints. 162 However, by comparing the fluorescence fold change between mock and Tm treated plants, we 163 established that there was no further relative induction of promoter activity between the 24 (5.11 164 ± 1.17) and 48 (5.14 ± 1.57) hour time point. Due to the lower variability in samples measured 24 165 hours after UPR induction, we decided to use this timepoint in all subsequent experiments. 166 After determining that the regulatory region of BIP1 displayed a good signal to noise ratio 167 after 24 h of ER stress, we determined the optimal Tm concentration to induce promoter activity. 168 By infiltrating different Tm concentrations in plants transiently expressing eYFP under regulation 169 of the BIP1 promoter, we observed the highest eYFP fluorescence and lowest variation with 5 170 μg/mL Tm (Fig. 2C ). Therefore, this concentration was used for all remaining experiments.
171
Next, we tested the influence of the ratio between the p35S::mCh-P2A-mCh expression 172 construct and the pBIP1::eYFP reporter vector. Fig. 2D shows the influence of different optical 173 densities at 600 nm (OD600 nm) culture ratios in eYFP expression upon ER stress induction. A 1:2 174 ratio of for pBIP1::eYFP to p35S::mCh-P2A-mCh (OD600 nm = 0.1 and 0.2, respectively) showed 175 the lowest eYFP expression induction. When compared to the other samples however, it showed 176 a similar fluorescence fold change and lower variation (4.40 ± 0.79). An equal ratio of both 177 plasmids (OD600 nm = 0.2) resulted in a 4.28 ± 1.52 fold change, while a 2:1 ratio of pBIP1::eYFP 178 to p35S::mCh-P2A-mCh (OD600 nm = 0.2 and 0.1, respectively) led to a 5.47 ± 1.27 fluorescence 179 increase. Importantly, samples in which the reporter plasmid had a lower OD600 nm relative to the 180 expression plasmid had significantly higher mCh fluorescence ( Fig. 2E ). Thus, a 1:2 ratio of 181 pBIP1::eYFP to p35S::mCh-P2A-mCh (OD600 nm = 0.1 and 0.2, respectively ) leads to similar 182 eYFP induction, while allowing for higher expression of candidate genes. It is also important to 183 note that eYFP induction upon UPR was lower in this assay when compared to the previous 184 experiments. This is likely due to competition in the transient production of two proteins as 185 opposed to one. Nonetheless, in these conditions, eYFP is more than four times more abundant in 186 ER stressed plant leaves. 
194
Three of the four marker genes showed a statistically significant upregulation after Tm-induced 195 UPR. In the case of PR1, there seems to be higher expression in UPR conditions but the 196 variability in the dataset and low sample numbers likely led to the observed lack of statistical 197 significance. Nonetheless, this more traditional qRT-PCR based UPR measurement confirmed 198 that the conditions we optimized for our fluorescence-based method leads to ER stress. 199 Finally, we tested whether our conditions can detect UPR interference using proteins known to 200 be involved in UPR signaling. We co-infiltrated the pBIP1::eYFP reporter construct with either: 201 p35S::mCh-P2A-mCh, as a reference for unaltered UPR signaling; p35S::IRE1a (AT2G17520), 202 which leads to the upregulation of UPR-related genes; or p35S::HY5 (AT5G11260), which is 
224
To confirm these results, we repeated the fluorescence-based assay on the four putative 225 effectors that showed highly significant downregulation of eYFP expression and expression in the first experiment, showed only a slight tendency towards upregulation that was 230 not significant in the second experiment ( Fig. 5A ). Similarly, variation between the two 231 repetitions in Tm-treated samples was also observed (Fig. 5B ). In trying to understand the source 232 of this variation, we considered whether it could be due to changes in protein expression between 233 the two replicates. Because the plasmids encoding the candidate genes also express mCh in 234 equimolar amounts, we used this protein's fluorescence as an estimate for protein levels of the 235 different constructs ( Fig. 5C ). We found that there was indeed variation in protein levels between 236 the two replicates in some samples and this is a factor that should be considered when using this 237 method. Nonetheless, the putative effector UMAG_0592724-370 consistently downregulated pBIP1 238 activity to approximately half of what was measured in the mCh control sample ( Fig. 5A and B ).
239
In Tm infiltrated leaves, qRT-PCR analysis of the same maker genes measured in Fig. 3A 240 showed that expression of UMAG_0592724-370 led to a significant decrease in CNX1, SKP1, and 241 PR1 expression, but not bZIP60 ( Fig. 5D ). This indicates that UMAG_0592724-370 can interfere 242 with UPR, either downstream of bZIP60 or in a signaling pathway-specific manner.
243
There was one more observation we noted that might influence some of the variability of the The most commonly used method to link proteins of interest with UPR is qRT-PCR for ER 269 stress marker genes (Chen & Brandizzi, 2013 for screening libraries of proteins to identify those that influence UPR in plants. 277 When studying specific proteins, several studies developed and described small scale methods proteins on UPR signaling. A similar approach had been described by Iwata & Koizumi (2005) 283 when investigating the regulation of UPR by bZip60 in A. thaliana. We have modified and 284 optimized this method to increase its throughput and allow for the simultaneous testing of a large 285 number of proteins for effects on UPR signaling ( Fig. 1) . 286 In contrast to other commonly used reporters, fluorescent proteins can be measured directly in 287 leaf discs, leading to minimal sample handling. This results in the reduction of errors that can be 288 introduced in other reporter systems that require further sample preparation steps, such as 289 pipetting inconsistencies, sample mix ups, etc. In addition, fluorescence measurement in leaf 290 discs is fast, reliable, and relatively inexpensive, which dramatically increases the throughput of 291 the method. Furthermore, by using a reference construct, the fold change in eYFP expression can 292 be compared between multiple sampling days and mCh expression can be used as a proxy for 293 transformation efficiency and protein levels. This is achieved by the use of the P2A sequence, 294 which allows for the translation of two separate proteins from the same mRNA molecule in 295 equimolar amounts (Kim et al., 2011) . However, the stability of the proteins of interest vary and 296 mCh fluorescence should be used as more of an indicative rather than absolute measure. 297 Nonetheless, antibodies for the P2A peptide are commercially available and a more precise 298 quantification of the proteins can be performed if necessary.
299
The use of transient protein expression in N. benthamiana plants allows for the screening of 300 many candidate genes in a relatively short timeframe, with a restricted growth chamber footprint, 301 and circumvents the restriction of only testing available seed collections. Effectively, this 302 overcomes the gene pool limitations from previous methods, allowing for proteins from virtually 303 any biological source to be screened. However, it has the limitation of restricting the proteins that 304 can potentially be identified to those with conserved targets in N. benthamiana UPR signaling. 305 Additionally, inconsistencies in protein expression between samples, as seen in Fig. 5C , E, and F, 306 and known phenotypic changes that occur between transient and stable protein expression have to 307 be taken into account when analyzing data obtained by this method (Bashandy et al., 2015) .
308
Because of this, we recommend that an initial screen be used to short list proteins for a second 309 round of testing. Proteins that show a consistent effect on eYFP expression across the two 310 replicates can then be validated by qRT-PCR and further characterized. genes with that expression profile, we tested the regulatory region of 4 of them: SKP1, bZIP60, 315 BIP1, and BIP3 (Fig 2A) . In the case of SKP1, Fig. 3A shows that this gene is only moderately 316 upregulated after Tm infiltration. It was therefore not surprising that we could not detect its 317 upregulation in the fluorescence-based assay. This highlights a disadvantage of this method, 318 namely that it is limited to the discovery of proteins with a strong influence on UPR signaling.
319
BiP proteins are essential for UPR and their expression is tightly regulated during this process. 320 bZip60, on the other hand, has a role in early ER stress signaling events and its mRNA is 321 transcribed in non-stress conditions so that it can be unconventionally spliced during UPR (Iwata possibly be due to our use of A. tumefaciens, which might lead to a small upregulation of UPR 332 genes or to transcription of genes by the bacterium itself. The latter limitation can be overcome 333 by introducing plant specific introns into the coding sequence of the genes, thus preventing their 334 expression by the bacteria (Vancanneyt et al., 1990) . Nonetheless, the promoter region of BIP1 335 showed a more than 4-fold increase in fluorescence after Tm treatment which was sufficient for 336 further testing and proved to be adequate for the purposes of this method.
337
Another relevant aspect to consider is the induction of UPR itself. In initial experiments, we 
349
The co-expression of the known UPR inducer IRE1a or inhibitor HY5 with our reporter 350 construct showed the expected correlation with eYFP expression following induction of UPR.
351
Together with the measurement of UPR marker genes by qPCR, Fig. 3 shows that the optimal 352 conditions determined in Fig. 2 effectively lead to UPR and that the method is suitable for 353 discovering new proteins that influence this mechanism.
354
Our small screen with a set of U. maydis effectors (Fig. 4) led to the identification of a protein, 355 UMAG_0592724-370, which seems to interfere with this process. This effector consistently led to 356 the down regulation of eYFP expression from the reporter construct ( Fig. 5A and B ) and 3 out of 357 the 4 measured UPR marker genes (Fig. 5D ). It is worth noting that the expression of 358 UMAG_0592724-370 did not influence bZIP60 transcription, which is commonly upregulated upon 359 ER stress. It did however strongly downregulate pathogenesis related 1 (PR1) expression, which 360 is widely reported to be upregulated upon SA signaling (Seyfferth & Tsuda, 2014) . It is tempting 361 to speculate that the influence of UMAG_0592724-370 on UPR may be dependent on SA signaling, 362 rather than a more generic UPR inhibition. However. further functional characterization of this 363 protein is needed to better understand its role in UPR interference and pathogenesis. Nonetheless, Conclusions 369 We developed a simple, reliable, and high-throughput method to identify proteins that 370 interfere with plant UPR. Constructs encoding proteins of interest are co-transformed in N. 371 benthamiana plants with a fluorescent UPR reporter. Fluorescence is then measured in leaf discs 372 and by comparing control plants with those expressing the protein of interest, in mock or Tm 373 treated samples, that protein's influence on UPR signaling can be assessed.
374
Our method enables the testing of gene, and potentially small molecule, libraries using 375 relatively limited resources and time. By using fluorescence as the output of the assay, which can 376 be measured from leaf discs in 96 well plates, many factors can be easily tested in parallel. In 377 fact, our pilot experiment tested 35 proteins and identified one which influences UPR signaling. 378 We anticipate that this reporter system will lead to the discovery of new players in plant UPR 379 signaling, particularly those involved in biotic interactions or that play a role in specific 380 environmental conditions. This will lead to a better understanding of this ubiquitous and very 381 complex cellular homeostasis mechanism and its role in plant biology. Table 1 . Whenever necessary, BsaI 411 restriction sites native to the coding sequences of the promoters or putative effectors were 412 mutated. Silent mutations were introduced by site directed mutagenesis (Liu & Naismith, 2008) 413 to preserve the native amino acid sequence and maintain the efficiency of the Golden Gate 414 cloning method (Engler et al., 2008) . In the case of the fluorophores, eYFP was re-cloned from a 415 different vector system using primers with adaptors to enable its compatibility with our cloning 416 strategy (Table 1) Table 1 . 
